The present work is dedicated to the experimental and numerical study of the buckling behaviour under pure compression of carbon-epoxy adhesively-bonded scarf repairs, with scarf angles varying from 2 to 45 • . The experimental results were used to validate a numerical methodology using the Finite Element Method and a mixed-mode cohesive damage model implemented in the ABAQUS ® software. The adhesive layer was simulated using cohesive elements with trapezoidal traction-separation laws in pure modes I and II to account for the ductility of the adhesive used. The cohesive laws in pure modes I and II were determined with Double Cantilever Beam and End-Notched Flexure tests, respectively, using an inverse method. Since in the experiments interlaminar and transverse intralaminar failures also occurred, cohesive laws to simulate these failure modes were also obtained experimentally following a similar procedure. Good correlations were found between the numerical predictions and experimental results for the elastic stiffness, maximum load and the corresponding displacement, plateau displacement and failure mode of the repairs.
Introduction
Carbon-Fibre Reinforced Plastic (CFRP) composites are quite appealing for structures requiring high specific strength and stiffness. However, these layered materials are highly susceptible to suffer delamination damage, due to their low interlaminar strength. Delamination can originate from low velocity impact events. Considering an airplane wing, impact may occur during regular operation (e.g., bird strike) or 23 (2009) laminates is lower than the tensile one [22] , implying that bonded assemblies under bending are more likely to fail in compression than tension. This also applies to repaired sandwich structures with composite faces, which would fail more easily within the face under compression. Under a compressive load, different failure mechanisms arise, e.g., fibre microbuckling, especially for structures with buckling restraining, or global buckling of the assembly. These mechanisms lead to a completely different strength behaviour. Kumar et al. [23] studied the compression behaviour of adhesively-bonded CFRP scarf joints under uniaxial compression, focusing on the influence of the scarf angle on the joints strength and failure mode. Aluminium tabs were glued on both joint faces to prevent global buckling of the specimens. Under these conditions and below 3 • scarf angles, the specimens failed by fibre microbuckling, while for larger scarf angles, failure occurred predominantly by shear in the adhesive layer. A slight increase in the joint failure strength was observed with the reduction of the scarf angle. On the other hand, if no restraint on the global buckling of the assembly exists, a completely different behaviour is expected. Finn et al. [24] assessed the effectiveness of different bonded repair configurations on the compressive strength of CFRP laminates without global buckling restraining. It was observed that, under pure compression, the applied load increased until the buckling load, representing the load at which the global laminate buckling initiated. A plateau region appeared in the load-displacement (P -δ) curve, corresponding to the development of the laminate buckling, at an approximate constant load. Failure occurred after a certain displacement. Helms et al. [25] developed an analytical model based on the Ritz Method to simulate the buckling behaviour of an adhesively-bonded Glass-Fibre Reinforced Plastic (GFRP) scarf joint under pure compression. The scarf angle and the adhesive layer thickness and stiffness were the parameters studied. Finite element analyses were performed to validate the analytical model. The results showed that the buckling strength of the joints was practically insensitive to the scarf angle for the larger scarf angles. Below a certain scarf angle, the bucking load decreases abruptly. For these small scarf angles, increasing the adhesive layer stiffness or reducing its thickness are both valid options to minimize this drastic reduction of the buckling load. Recently, Cohesive Zone Models (CZMs) have been used to simulate the mechanical behaviour of bonded assemblies [26] [27] [28] [29] . This methodology, allowing predicting the strength, also accounts for the progressive damage evolution and identification of the failure paths until complete failure. Campilho et al. [14] evaluated numerically using the FEM the tensile strength and failure modes of unidirectional CFRP scarf repairs using a triangular shape CZM, for scarf angles ranging from 2 to 45 • . It was concluded that the model successfully predicted the strength and failure modes prone to occur in these repairs.
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In this work, an experimental and numerical study is performed on the buckling behaviour of CFRP adhesively-bonded scarf repairs under pure compression. Scarf angles varying from 2 to 45 • are considered. The experimental results were used to validate a numerical methodology developed using the FEM and a mixed-mode cohesive damage model implemented in the ABAQUS ® software. The behaviour of the adhesive layer was modelled using cohesive elements with trapezoidal tractionseparation laws in pure modes I and II. This shape was selected to account for the ductility of the adhesive used in this work (Araldite ® 2015). The cohesive laws in pure modes I and II were determined with Double Cantilever Beam (DCB) and End-Notched Flexure (ENF) tests, respectively, using an inverse method. Using this procedure, the fracture energies in pure modes I and II are obtained from the respective fracture characterization test (DCB or ENF) and the other cohesive parameters are estimated by fitting the experimental and numerical P -δ curves. Since in the experiments interlaminar and transverse intralaminar failure also occurred, cohesive laws to simulate these failure modes were also obtained experimentally with a similar procedure.
Cohesive Damage Model

Model Description
A mixed-mode (I + II) cohesive damage model implemented within interface finite elements was used to simulate a ductile adhesive layer of Araldite ® 2015. To simulate the behaviour of ductile adhesives, a trapezoidal law between stresses (σ ) and relative displacements (δ r ) between homologous points of the interface finite elements with zero thickness was employed (Fig. 1 ). These types of laws are considered to accurately reproduce the behaviour of thin adhesive layers in pure mode I [30] and pure mode II [31] . The constitutive relationship before damage onset is
where E is a stiffness diagonal matrix containing the stiffness parameters e i (i = I, II) defined in the next section. Considering the pure-mode model, after δ 1,i (the first inflexion point in each pure mode, which leads to the plateau region of the trapezoidal law) the material softens progressively. The softening relationship can be written as
where I is the identity matrix and D is a diagonal matrix containing, in the position corresponding to mode i (i = I, II), the damage parameter. In general, bonded assemblies are under mixed-mode loading. Therefore, a formulation for interface finite elements should include a mixed-mode damage model (Fig. 1) . Damage onset is predicted using a quadratic stress criterion where σ i (i = I, II) represent the stresses in each mode. It is assumed that normal compressive stresses do not induce damage. Considering equation (1), the first equation (3) can be rewritten as
where δ 1,i (i = I, II) are the relative displacements in each pure mode at damage initiation and δ 1m,i (i = I, II) are the corresponding displacements under mixedmode loading. Stress softening onset under mixed-mode conditions was predicted using a quadratic relative displacements criterion similar to equation (4), leading to
where δ 2,i (i = I, II) are the relative displacements in each pure mode at stress softening onset and δ 2m,i (i = I, II) the corresponding displacements under mixedmode. Crack growth was simulated by the linear fracture energetic criterion
When equation (6) is satisfied damage growth occurs and stresses are completely released, with the exception of normal compressive ones. Using the proposed criteria (equations (4)- (6)), it is possible to define the equivalent mixed-mode displacements (δ 1m , δ 2m and δ um ), with δ m corresponding to the current equivalent mixed-mode relative displacement, and to establish the damage parameter (d m ) in the plateau region (δ 1m δ m δ 2m ) as:
and in the stress softening part of the cohesive law (δ 2m δ m δ um ) as:
The damage parameter is introduced in equation (2), thus simulating damage propagation. A detailed description of the proposed model is presented in the work of Campilho et al. [32] .
Cohesive Parameters
In this work, the adhesive layer is modelled numerically using the interface finite elements with the trapezoidal shape traction-separation laws described in Section 2.1, instead of the solid finite elements typically employed to this end. Consequently, they include a characteristic length t A (adhesive layer thickness). This parameter is integrated in the interface finite elements formulation in the stiffness matrix (E) components (e i , i = I, II), which simulate the adhesive layer behaviour in the elastic region. These are obtained from the ratio between the elastic modulus of the material in tension or shear (E or G, respectively) and t A . To fully characterize the cohesive laws in modes I and II, the local strengths (σ u,i ), the second inflexion points (δ 2,i ) and the fracture energies (J ic ) must also be determined. While J ic can be obtained by standardized tests, different approaches can be followed to obtain experimentally σ u,i and δ 2,i . These quantities can be equalled to the corresponding bulk properties, or inverse methods can be used. The inverse techniques are more advisable, since it is known that adhesives as a bulk behave differently than as thin layers [30, 31, 33] . To simulate numerically the mechanical behaviour of these repairs, the cohesive laws in pure modes I and II for the adhesive layer, composite interlaminar and composite intralaminar (in the transverse direction) were determined with DCB and ENF tests, respectively, using an inverse method. For the adhesive layer laws, it is emphasized that cohesive failures were always obtained, which is essential to characterize the adhesive layer accurately. This technique can be applied in two steps (for pure mode I or II cohesive laws). The fracture energies in pure mode I or II (J Ic and J IIc , respectively) are initially obtained from standardized DCB or ENF tests, respectively. The geometry and dimensions of the DCB and ENF specimens used in the adhesive layer fracture characterization procedure are presented in Fig. 2 . For the interlaminar and transverse intralaminar failures, the same geometries were used, except for the adhesive layer and values of arm thickness (h = 1.8 mm for the interlaminar and h = 3.6 mm for the intralaminar fracture characterization). In these cases, the initial crack (a 0 ) was introduced during the plates manufacturing procedure, using a 25 µm thickness teflon strip. Known data reduction schemes, such as the Compliance Calibration Method (CCM) and Corrected Beam Theory (CBT), along with the ComplianceBased Beam Method (CBBM), previously developed [34] , were used to extract the average J Ic and J IIc values for the adhesive layer, and also composite interlaminar and composite intralaminar (in the transverse direction) failures. For the adhesive layer fracture characterization, the same value of t A for the specimens to be simulated must be used in these tests, due to the known dependency of the adhesive layer behaviour on its thickness [35] . The fracture energy is then used as an input parameter in numerical DCB or ENF models. These models, having the measured dimensions of each tested specimen, include the respective pure mode cohesive law with the fracture energy previously determined and typical values for σ u,i and δ 2,i . These properties are determined by performing a few numerical iterations until a good accuracy between the numerical and experimental P -δ curves is obtained. Figures 3 and 4 show, for a single tested specimen, the experimental and numerical P -δ curves for the adhesive layer characterization procedure in pure modes I (DCB test) [36] and II (ENF test) [37] , respectively, after the fitting procedure. In all cases, at least five specimens were tested and the average values of each cohesive parameter were used to build the respective cohesive law. A detailed description of this methodology is presented in [34] . Table 1 presents the cohesive parameters of the traction-separation laws in pure mode I and II used to simulate the adhesive layer. The elastic moduli in tension and shear were determined experimentally [38] with bulk tensile and Thick Adherend Shear Test (TAST) tests, respectively (E = 1850 MPa; G = 650 MPa). The cohesive laws for the interlaminar and transverse intralaminar failures are also presented in Table 1 . However, in these situations, a penalty function method was used for the initial ascending part of the cohesive laws (considering e i = 10 6 N/mm 3 ), since the interface finite elements simulate a zero thickness interface instead of a finite thickness layer. [36] . 
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Moreover, triangular traction-separation laws were used, due to the brittle nature of these interfaces. Table 1 also includes the cohesive parameters used to simulate fibre failure. This failure option will be introduced later on in the numerical models in the 0 • plies of the laminates and patch, even though it was not observed in the experiments. The fibre properties were not obtained experimentally; they were estimated from typical values in the literature [32] . Figure 5 shows the geometry of the scarf repairs (L = 170 mm, b = 15 mm, t P = 2.4 mm, t A = 0.2 mm and e = 10 mm). L corresponds to the test length between the grips edges. The total length of the specimens, including the edges clamped in the grips, is 270 mm. Scarf angles (α) of 2, 3, 6, 9, 15, 25 and 45 • were evaluated. Smaller scarf angles were not tested, since the repair lengths needed were not compatible with the chosen value of L. Additionally, using higher values of L, the increased buckling of the specimens would significantly diminish the repairs strength [24] . The laminates and patches were fabricated using carbon/epoxy pre-preg (Texipreg HS 160 RM from SEAL ® , Legnano, Italy) with 0.15 mm ply thickness and a [0 2 , 90 2 , 0 2 , 90 2 ] S lay-up. The respective mechanical properties are presented in Table 2 [29] . The laminates and patches were cut with a diamond disc saw from bulk plates fabricated by hand lay-up and cured in a hot-plates press for one hour at 130 • C. Following this, a stone grinding wheel was used to grind the laminates and patches to the chosen scarf angles. Since this procedure led to a rough bonding surface, enough to avoid adhesion failure between the adhesive and composite, the surface preparation involved only cleaning with acetone. The specimens were bonded with the ductile adhesive Araldite ® 2015 (from Huntsmann, Basel, Switzerland) using a device that guaranteed the laminates and patches alignment in both the thickness and width directions. The 0.2 mm adhesive thickness was achieved using a differential length approach, measuring the total length of the specimens with a digital micrometer in the device before and after placing the adhesive. The specimens were cured at room temperature. The compression tests were performed with an Instron ® (Norwood, MA, USA) 8801 hydraulic testing machine equipped with a 100 kN load cell. The testing setup guaranteed that the grips were perfectly aligned during the test and that no rotation of the grips occurred. The specimens were tested at room temperature under displacement control (0.5 mm/min). The P -δ data were extracted from the load cell measurements and the grips displacement, with a sample rate of 5 points per second. Six specimens were tested for each geometry and at least four valid results were always obtained.
Experimental Work
Numerical Analysis
A numerical analysis was carried out in ABAQUS ® (from Dassault Systèmes, Suresnes, France) to simulate the mechanical behaviour of bonded repairs using the methodology presented in Section 2. The laminates and patches were modelled with plane-stress 8-node rectangular and 6-node triangular solid finite elements. Geometrical and material non-linearities were included in the numerical analyses. Figure 6 shows a detail of the mesh at the lower scarf tip (region B in Fig. 7 ) for the 9 • scarf angle repair. Eighty solid finite elements were used along the bond length near the adhesive layer, due to the high stress gradient in this region [14, 15, 19] . However, since stresses are approximately constant far from this region, a coarsening technique was used to reduce the number of elements in the models (Fig. 6) . The laminates and patches were modelled as orthotropic materials (considering the properties in Table 2 ), using one element through-thickness for each set of two equally-oriented plies. Figure 7 represents the symmetry and boundary conditions used to simulate the scarf repairs compressive tests. Due to the symmetry of this geometry, only half the specimen was considered, applying symmetry conditions at the middle of the repair (line A-A in Fig. 7) . Moreover, at the edge of the specimens, the displacements were restrained in direction y and a compressive displacement was applied. The placement of the interface finite elements is presented in Fig. 8 . The adhesive layer elements were placed along the bond length replacing the adhesive layer, the interlaminar elements were positioned between differently oriented plies, the transverse intralaminar elements were used vertically in the 90 • plies to simulate the intralaminar matrix cracking and the fibre elements were placed vertically in the 0 • plies to simulate fibre cracking. Figure 6 . Detail of the mesh at the overlap edge for the 9 • angle repair. 
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Results
Stress Analysis
It is known that normal and shear stresses in the adhesive layer of scarf assemblies present an almost constant profile for isotropic adherends [5, 6] or fibre reinforced ones, with unidirectional laminates [14] . This can be justified by a smaller load eccentricity, compared to lap geometries [23, 29] and by the adherend tapering effect in scarf assemblies [23] . Moreover, for small scarf angles, normal stresses are almost nil and the adhesive layer is practically loaded in pure shear [12] , which leads to a high efficiency of these assemblies relatively to the bond area. However, considering layered materials with differently oriented plies, it is observed that the differences in compliance in the load direction of each ply lead to wavy stress distributions [8, 9, 15, 16] .
This section presents an elastic normal and shear stress analysis in the adhesive layer along the bond length. The stresses were extracted from the adhesive layer interface finite elements, using the coordinate system t-n, i.e., tangentially and normally to the adhesive layer (Figs 5 and 7) . Figures 9 and 10 present normal (σ n ) and shear (τ tn ) stresses, respectively, in the adhesive layer along the bond length as a function of the scarf angle. Both stresses are normalized by the average shear stress of the respective scarf angle repair along the bond length (τ avg ). Compressive normal stresses were generally observed in the adhesive layer, which is an advantage compared to the tensile load. Indeed, under a tensile load, significant peel stresses reduce the repair strength [14] . Moreover, it can be observed that compressive normal stresses are more significant near the 0 • plies and are much less significant than shear stresses for the smaller scarf angles [12, 14] . The compressive normal stresses increase gradually with the scarf angle, until an approximate magnitude to the shear stresses is observed for a 45 • scarf angle repair. Shear stresses exhibit similarly a wavy distribution, peaking near the 0 • plies. Also, the shear stress gradients between the 0 and 90 • plies increase gradually with the reduction of the scarf angle. This is caused by the higher scarf length for each set of two 90 • adjacent plies, for the smaller scarf angles. This reduces the deformation constraining effects of the stiffer 0 • plies adjacent to the 90 • plies, allowing their higher deformation, with the corresponding shear stress reduction in these regions [9] . Figures 11 and 12 show the numerical and experimental P -δ curves for the 45 and 2 • scarf angle repairs, respectively. Initially, an elastic region was observed, during which no global buckling of the assembly occurred. A plateau region followed, characterized by an approximate constant load. This region corresponded to the beginning and development of the global buckling of the repairs between the testing machine grips [24] . All the repairs studied presented this behaviour, even though significant differences were observed in the extent of buckling, depending on the scarf angle. The two intermediate load reductions prior to failure, for the 2 • scarf angle repair, were caused by highly localized failures at the scarf edges, initially in region B and later in region A (Fig. 7) . Figure 13 presents a comparison between the numerical and experimental deformed configurations of the 2 • scarf angle repair immediately before failure, allowing observing a good correspondence between the two. Whilst the premature failure in region A is easily identified in Fig. 13 , in region B the localized failure occurred mostly by shear in the adhesive layer and is not clearly visible. Mainly two different behaviours were observed during the global buckling of the repairs, depending on the scarf angle. For the larger scarf angle repairs (15, 25 and 45 o ) , cohesive failures in the adhesive layer near the patch/adhesive interface occurred, which were captured by the numerical simulations. Figure 14 gions were detected, corresponding to an equally minor buckling prior to the repair failure. On the other hand, the 2, 3, 6 and 9 • scarf angle repairs experienced a mixed cohesive and interlaminar/intralaminar failure of the patch, as obtained numerically. in the repair region followed by interlaminar failures, prior to failure in the adhesive layer. 
Mechanical Behaviour
Summary of the Results
This section summarizes the results obtained in the experiments and the respective standard deviations, which are compared with the numerical predictions. The parameters considered are the elastic stiffness of the repairs (K, Fig. 17 ), the maximum load (P m , Fig. 18 ) and the corresponding displacement (δ m , Fig. 19 ) and the plateau displacement (δ p , Fig. 20) . K represents the load/displacement ratio in the elastic region of the P -δ curve. P m is the maximum load sustained by the repairs and δ m the respective displacement. δ p corresponds to the failure displacement, during which the repair is able to sustain loads. It was observed that K slightly increases with the reduction of the scarf angle, from the 45 to the 3 • scarf angle repair. Below this value, an abrupt drop of the elastic stiffness was observed [25] . This behaviour is attributed to the significant increase of the repair region, which is more compliant than the undamaged composite. On the other hand, it is known that the buckling strength of slender structural elements under pure compression is governed by their stiffness, rather than the strength of the materials involved [25, 39] . Consequently, the maximum load of the repairs reflected the global trend of the elastic stiffness, i.e., a gradual increase from the 45 to the 3 • scarf angle repair, and an abrupt drop for the 2 • scarf angle. For both these two parameters, only a small deviation in the experimental data was observed, together with an excellent correlation with the numerical predictions. By analysing δ m , a similar global tendency is identified both experimentally and numerically, characterized by a practically no influence of the scarf angle on δ m from the 45 to the 15 • scarf angle repair. Again a similar trend was observed for δ p , which revealed an increasing plateau displacement with the reduction of the scarf angle. This result can be explained by the reduction of both
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the laminates and patch stiffness in the bond regions, allowing them to deform elastically of an increasing amount with the reduction of the scarf angle, prior to failure in the adhesive layer.
In summary, it is observed that the buckling strength of the scarf repairs slightly increases with the reduction of the scarf angle, up to a given value. Below this point, the abrupt drop of the repair compressive stiffness leads to a corresponding drop in the buckling strength. Consequently, no significant strength advantage exists with the reduction of the scarf angle, in contrast to the tensile case. In fact, under a tensile load, the repair strength increases exponentially with the reduction of the scarf angle [13] [14] [15] , due to the corresponding increase in the bond area, which governs the strength of these repairs under tension. However, reducing the scarf angle under compression significantly increases the displacement supporting capability of the repair before failure, which can be an advantage if the repaired region of the structure is mainly forced to sustain a given displacement.
Concluding Remarks
In this work, a numerical methodology was presented to simulate the mechanical behaviour of the adhesive layer in bonded assemblies. A mixed-mode cohesive damage model with a trapezoidal shape was employed to simulate the adhesive layer behaviour. The methodology was extended to simulate the interlaminar, intralaminar and fibre fracture of the composite adherends, to fully reproduce the experimental failure modes. The different traction-separation laws were determined using an inverse method, which consisted in obtaining the fracture toughness in pure modes I and II with Double-Cantilever Beam and End-Notched Flexure tests, respectively, and estimating the remaining parameters of the pure mode laws using a fitting iterative procedure between the numerical and experimental P -δ curves. The mixed-mode behaviour of the adhesive layer or interfaces, typical in these assemblies, was simulated with appropriate criteria. This numerical methodology was validated by simulating the buckling behaviour of carbon-epoxy scarf repairs under pure compression, using different scarf angles, and comparing with experiments. The comparison was performed in terms of the repairs elastic stiffness, the maximum load and the corresponding displacement, the plateau displacement, as well as the failure path until complete failure. The results obtained allowed concluding that the methodology presented in this work is adequate to simulate the mechanical behaviour of these assemblies.
